Abstract Myeloid-derived suppressor cells (MDSC) are a heterogenous population of cells comprising myeloid progenitor cells and immature myeloid cells, which have the ability to suppress the effector immune response. In humans, MDSC have not been well characterized owing to the lack of specific markers, although it is possible to broadly classify the MDSC phenotypes described in the literature as being predominantly granulocytic (expressing markers such as CD15, CD66, CD33) or monocytic (expressing CD14). In this study, we set out to perform a direct comparative analysis across both granulocytic and monocytic MDSC subsets in terms of their frequency, absolute number, and function in the peripheral blood of patients with advanced GI cancer. We also set out to determine the optimal method of sample processing given that this is an additional source of heterogeneity. Our findings demonstrate consistent changes across sample processing methods for monocytic MDSC, suggesting that reliance upon cryopreserved PBMC is acceptable. Although we did not see an increase in the population of granulocytic MDSC, these cells were found to be more suppressive than their monocytic counterparts.
Background
Myeloid-derived suppressor cells (MDSC) are a heterogenous population of cells comprising myeloid progenitor cells and immature myeloid cells, which have the ability to suppress the effector immune response [1, 10, 12] . In the context of malignancy, they contribute toward a suppressive network that allows evasion of the host's anti-tumor immune response. Targeting MDSC may be important in enhancing both immune and non-immune cancer therapies. A barrier to this, however, is the ability to consistently identify these cells in order to target them and assay their destruction.
In humans, MDSC have not been well characterized owing to the lack of specific markers. The phenotype of these cells has been shown to be mainly CD34
? , CD33 ? , CD15
? , and CD14 -/lin - [1, 2, 16, 19, 21, 22] . We and others have shown that the CD14
? HLA-DR -/low phenotype also represents MDSC, and this population is increased in HCC and melanoma [9, 14] . It is possible to broadly classify the MDSC phenotypes described in the literature as being predominantly granulocytic (expressing markers such as CD15, CD66, CD33) or monocytic (expressing CD14). This is analogous to the situation in murine MDSC that have been further subdivided into CD11b
? Gr-1 high granulocytic MDSC (which can also be identified as CD11b
? Ly-6G ? Ly6C low MDSC) and CD11b
? Gr-1 low monocytic MDSC (which can also be identified as CD11b
? Ly-6G -Ly6C high MDSC). It is not clear, however, whether one subset is predominant or has superior immunosuppressive abilities over the other, or indeed whether this is dependent on the method of sample processing, that is, whether fresh or frozen samples are used or whether the blood is separated across a ficoll gradient or undergoes red cell lysis. There is an obvious logistical advantage to being able to rely upon cryopreserved PBMC samples, particularly in the setting of large multicentre trials where correlative specimens are banked and analyzed at a later date.
In this study, we set out to perform a direct comparative analysis across both granulocytic and monocytic MDSC subsets in terms of their frequency, absolute number and function in the peripheral blood of patients with advanced GI cancer. We also set out to determine the optimal method of sample processing given that this is an additional source of heterogeneity. Our findings demonstrate consistent changes across sample processing methods for monocytic MDSC, suggesting that reliance upon cryopreserved PBMC is acceptable, although with a lower yield. Although we did not see an increase in the population of granulocytic MDSC, these cells were found to be more suppressive than their monocytic counterparts.
Materials and methods

Patients and healthy donors
Blood samples were collected from healthy adults (N = 44) and patients with GI cancer (N = 41) who were seen at the GI Malignancies Section, Medical Oncology Branch at the National Cancer Institute, Bethesda, MD. Written consent was obtained from all patients before blood sampling on a research protocol approved by the Institutional Review Board. Table 1 shows the clinical characteristics of all patients in this study.
Cell isolation
Each blood sample underwent both whole blood lysis and PBMC isolation. PBMC were isolated from freshly obtained blood by ficoll density gradient centrifugation as described previously [11] . Whole blood lysis was performed using ACK lysing buffer.
Flow cytometry analysis
Fluorescence-activated cell sorting (FACS) analysis was performed on fresh and cryopreserved PBMC and fresh whole blood. MDSC subsets were enumerated using the following antibodies: 7-AAD; anti-CD14 vioblue (Miltenyi Biotech); anti-CD11b AF488 (FITC); anti-CD33 AF700; anti-CD15 PeCy7; anti-HLADR-APC (all Becton-Dickinson). Multicolor FACS analysis was done on an LSRII flow cytometer (BD Biosciences). Analysis of FACS-data was done using FlowJo software (TreeStar, Inc.). Isotype-matched antibodies were used with all the samples as controls. The gating strategy for both the monocytic and granulocytic MDSC populations is shown in Figs. 1 and 2 , respectively. For calculation of the estimated absolute number, we used the method described by Jongbloed et al. [3, 4, 15] among others. The relative frequencies obtained by FACS were applied to the CLIAcertified clinical lab differential count occurred on the same date and time. For the PBMC samples, we calculated the estimated absolute number based on the sum absolute lymphocyte and monocyte count. For whole blood samples, we calculated the estimated absolute number based on the absolute total white cell count. For the frozen PBMC cohort, the manual count pre-and postfreezing and therefore the yield upon thawing were obtained. The same person processed the fresh and frozen samples that were obtained from the same sample and processed together. The threshold for inclusion was viability on trypan blue of 90 %.
Cell sorting
For cell sorting, 100 ml of whole blood was taken from patients with advanced GI cancer. Lysis was performed using ACK lysis buffer. CD14
? cells were purified using CD14 Microbeads and AutoMACS separation unit (Miltenyi Biotech) according to the manufacturers' instructions. Remaining CD14 -cells were further purified using CD8 Microbeads and AutoMACS. Using the BD FACS Aria cell sorting system (Becton-Dickinson), purified CD14
? cells were sorted into CD14
? 
HLA-DR
Statistical analysis
Data are expressed as mean values ± standard error of the mean for percentages. Statistical analysis was performed on GraphPad Prism software. Student's t test was used to assess the differences between the study groups. 
Results
Only CD14
? HLA-DR -/low MDSC are elevated in patients with GI cancer Although early reports described the MDSC phenotype as being CD14-negative, a number of subsequent studies have confirmed that the CD14
? HLA-DR -/low phenotype also describes MDSC and that these cells are elevated in the peripheral blood of patients with advanced cancer [5, 9, 14, 23] . Given that these reports comprised patients with melanoma, hepatocellular carcinoma, myeloma, and prostate cancer, we wanted to confirm the presence of these cells in our population of advanced GI cancer patients, the majority of whom had colorectal cancer (Table 1) . In this population, the frequency of CD14
? HLA-DR -/low cells was increased in the fresh PBMC of patients compared to controls (Fig. 1a) . Given that there are a number of potential variables related to how a blood sample is processed, we also compared the CD14
? HLA-DR -/low phenotype across method of processing, that is, in cryopreserved PBMC and following lysis of the whole blood. We found that the increase in frequency of CD14
? HLA-DR -/low cells in patients compared to controls was consistent across method of processing as follows: fresh PBMC (5. in fresh PBMC, cryopreserved PBMC or whole blood; f gross morphology on cytospin 0.96-2.44; p \ 0.0001) (Fig. 1a) . Of note, the frequency of CD14 ? HLA-DR -/low cells was found to be greater in cryopreserved PBMC samples compared to fresh PBMC (10.03 vs 5.5; 95 % CI 1.6-7.4; p = 0.0024), and in fresh PBMC compared to whole blood (5.5 vs 2.5; 95 % CI 1.3-4.7; p = 0.0008). When evaluating across processing method, the relative frequency can be misleading, however, particularly in the case of whole blood analysis where the frequency value will be smaller given the larger denominator. Therefore, we also performed the comparative analysis using estimated absolute numbers-calculated according to lymphocyte and monocyte count in PBMC and total white count in the case of whole blood-and found that the increase in CD14
? HLA-DR -/low cells in patients compared to controls was consistent whether PBMC or whole blood lysis was employed was also seen when estimated absolute numbers were used (Fig. 1b) . Of note, the absolute number of CD14
? HLA-DR -/low cells was greater in whole blood compared to fresh PBMC (0.17 vs 0.1 9 10 3 /ll; 95 % CI 0.009-0.13; p = 0.0248). Representative dot plots are shown in Fig. 1c and gross appearance on cytospin is shown in Fig. 1d . This analysis confirms previous reports of increased CD14
? HLA-DR -/low cells in this population of patients with advanced GI cancer.
CD15
?
cells are increased in patients with GI cancer
The majority of reports in the literature describe MDSC that bear granulocytic markers including CD15, CD16, or CD33 [6, 16, 18, 26] . Many reports have further defined this cell population as being negative for a panel of lineage markers, including CD14 [1, 2] . Given that these reports comprised patients with heterogenous cancer typesincluding breast, head and neck and lung cancer-we wanted to confirm the presence of these cells in our population of patients with advanced GI cancer. Consistent with prior reports, we found that the frequency of CD15 ? CD14 -cells was increased in the peripheral blood of cancer patients compared to controls (Fig. 2a) , but this was only the case when whole blood lysis was performed (59.7 vs 46.9; 95 % CI 4.5-21; p = 0.003). We did not observe an increased frequency of these cells when fresh or cryopreserved PBMC was analyzed (Fig. 2a) . The increased frequency of CD15
? CD14 -cells in patients relative to controls was also seen when absolute numbers were analyzed (3.95 vs 3.1 9 10 3 /ll; 95 % CI 0.04-1.6; p = 0.0388) (Fig. 2b) . Given that CD15 is a marker for granulocytes, this phenotype by itself does not discriminate for MDSC. In an attempt to further define this subpopulation, we employed two additional markers-CD11b and CD33-which have also been previously reported as defining MDSC in humans [7, 17, 26] . However, when
? CD14 -cells were further gated for CD11b and CD33 positivity, there was no observed increase in either the frequency (Fig. 2c) or absolute number (Fig. 2d) Fig. 2e and gross appearance on cytospin is shown in Fig. 2f .
Method of processing correlations
In addition to the phenotypic heterogeneity describing MDSC in the literature, there has also been much variation in the processing methods employed. The most common method used in studies has been separation and isolation of PBMC across a ficoll gradient with subsequent analysis being performed on the fresh PBMC or, perhaps more frequently, following cryopreservation of the PBMC. This latter method has the logistical advantage of facilitating transport and batch analysis and is therefore crucial for immune-monitoring of multicentre studies. It is unclear, however, whether cryopreservation distorts the proportion of MDSC. As shown above in Fig. 1a , b, the observed increase in CD14
? HLA-DR -/low MDSC was consistent across processing method, and Fig. 3a demonstrates that the increase in CD14
? HLA-DR -/low cells in fresh PBMC correlated with that seen upon cryopreservation. This finding suggests that it is feasible to cryopreserve PBMC for analysis of CD14
? HLA-DR -/low MDSC, although the average loss of yield upon subsequent thawing and following manual cell count was 66 %.
After ficoll separation, the cell pellet mainly contains granulocytes that are generally discarded. It is possible that this further distorts the result as potential MDSCs harbored in the pellet will not be analyzed. To evaluate this, we performed red cell lysis of the whole blood sample to look for MDSC in the entire granulocytic and mononuclear populations. As shown in Fig. 1a , b, the increase in CD14
? HLA-DR -/low MDSC was also seen after analysis of the whole blood fraction following red cell lysis. Likewise this increase was found to correlate with that seen in fresh PBMC (Fig. 3b) and whether absolute numbers or relative frequency was employed (Fig. 3c) .
CD14
? HLA-DR -/low cells inhibit autologous T cell proliferation Next, we tested whether CD14
? HLA-DR -/low monocytes from cancer patients can suppress autologous T cell ? cells from the red cell-lysed whole blood of patients with cancer. The suppressive potential of both populations was evaluated by adding each cell type at different ratios to autologous anti-CD3/CD28-stimulated CD8 cells. IFN-c release and cell proliferation (following the incorporation of thymidine) were analyzed. As shown in Fig. 4a, b MDSC, the suppressive potential of this population was evaluated by adding each cell type at different ratios to autologous anti-CD3/CD28-stimulated CD8 cells. IFN-c release and cell proliferation (following the incorporation of thymidine) were analyzed. As shown in Fig. 4c, d ,
? cells were found to suppress the proliferation and IFN-c production of autologous CD8 cells in a dose-dependent manner and the degree of suppression was greater than that seen with CD14
? HLA-DR -/low cells. These data suggest that granulocytic MDSC are more immunosuppressive than monocytic MDSC.
Discussion
The presence of natural suppressor cells in patients with cancer was first described more than 25 years ago but over the past decade interest in these cells-now termed MDSC-has greatly increased [25] . In contrast to murine MDSC, which are clearly defined by the expression of Gr-1 and CD11b, the corresponding cells in humans are inadequately characterized due to the lack of uniform markers. Given the increasing consensus that immune evasion and suppression of anti-tumor immunity plays a key role in cancer progression, it is assumed that eradicating these cells will enhance immune and also non-immune therapies [13] . To do this, we need to be able to consistently identify these cells. In this study, we compared two of the most commonly described human MDSC subsets in patients with advanced GI cancer. In addition, we analyzed whether it made a difference how the samples were processedfresh versus cryopreserved PBMC, and PBMC versus We selected the two subsets based on the literature where, until relatively recently, the majority of reports described MDSC as being CD14-negative, often including this marker in an exclusionary lineage panel. An increased frequency of CD15
? granulocytes with immune suppressor function was initially described in the peripheral blood of patients with breast, colon, and pancreatic cancer [21] . Zea et al. [26] subsequently defined MDSC as CD11b
? CD14 -CD15 ? cells and found that these cells expressed arginase-1 and were elevated in the blood of patients with renal cancer. Similarly, Ko et al. [16] found two overlapping populations of MDSC-CD33
? HLA-DR -and CD15 ? CD14 --elevated in renal cancer, both of which decreased in response to treatment with sunitinib. Other investigators have described similar populations of CD15
? CD11b ? CD14 -suppressor cells in patients with advanced lung cancer [17] . Over the past 5 years, a number of reports have shown that the CD14
? HLA-DR -/low phenotype also represents MDSC and that this population is increased in HCC, melanoma, prostate cancer, and multiple myeloma [5, 9, 14, 23] .
In our present analysis, CD14 ? HLA-DR -/low MDSC were found to be increased in cancer patients, and this increase could be appreciated whether PBMC or whole blood was used and whether the PBMC were analyzed freshly or after cryopreservation. Interestingly, the proportion of CD14
? HLA-DR -/low MDSC in PBMC increased upon cryopreservation which may reflect increased durability of these transformed cells. While the relative frequency of CD14
? HLA-DR -/low MDSC was lower in whole blood relative to PBMC, the absolute number was increased and this is to be expected as this number represents the proportion of the whole blood as opposed to just the lymphocyte and monocyte populations. The increase in CD14
? HLA-DR -/low MDSC was found to correlate whether the fresh or frozen PBMC or whole blood was analyzed. This has important implications given that the majority of MDSC analyses in the literature have been performed on PBMC and given also the reliance upon cryopreserved PBMC in the performance of immunomonitoring of clinical trials, particularly in the multicentre setting.
While CD15 ? cells were found to be increased in the whole blood of cancer patients relative to controls, there was no observed difference when these cells were gated for CD33 and CD11b positivity. It has been previously documented that neutrophils are increased in patients with cancer, and while some reports have shown these to be suppressive, this is not universally agreed [10, 20, 24] . We did not see an elevation of CD15
? CD14 -cells in either fresh or cryopreserved PBMCs, a finding which is perhaps unsurprising given that ficoll density gradient separation should exclude granulocytes. However, Choi et al. [6] have described a CD15 ? CD16 low cell population of activated granulocytes that act as MDSC and were elevated in patients with advanced cancer. Interestingly, in that study, the granulocytes were isolated following both ficoll gradient separation to remove the PBMC and dextran sedimentation and red cell lysis of the pellet, on the basis that MDSC which appear in the PBMC layer are in reality activated granulocytes of altered density. The fact that in our analysis, we did not see a difference when samples were further gated for CD33 and CD11b positivity may reflect that this phenotype does not discriminate granulocytic MDSC from granulocytes. Consistent with this, we found that both CD15
? CD14 -CD11b ? CD33
? and CD15
? CD14 -CD11b ? CD33 -(data not shown) populations were equally suppressive of CD8 cell proliferation and IFN-c production, suggesting that in this patient population CD33 is not a discriminatory marker for MDSC. It is possible that this is a specific finding in gastrointestinal malignancies. It has been previously shown that CD11b
? CD33 ? MDSC were increased in the peripheral blood of patients with non-small cell lung cancer and head and neck cancer [7] . In contrast, and similar to our findings, Eruslanov et al. [8] 
described a CD11b
? CD15 high CD33 low cell population in the PBMC of patients with bladder cancer which inhibited T cell proliferation through induction of CD4 ? Foxp3 ? T regulatory cells. They also describe a 'monocyte-type' CD15 low CD33 high population, although the frequency of these cells was not increased in cancer patients compared to controls. It has also been described that Lin -HLA-DR -expression describes the MDSC phenotype [1] . We analyzed the relative frequency of this phenotype in a small cohort of patients (N = 7, data not shown) and found that while this population were decreased relative to CD15
? CD14 -CD11b ? CD33 ? cells in both fresh and frozen PBMC, this was not the case in whole blood. This is possibly because the antibody cocktail does not contain CD15, whose degree of expression would be expected to be greater in cells isolated following whole blood lysis given that this is a granulocytic marker. It was also noteworthy that, in our study, the CD15 ? CD14 -
CD11b
? CD33 ? populations were more numerous than CD14
? HLA-DR -/low cells in the peripheral blood of this patient cohort and the immune suppression that they exhibited in terms of reduced CD8 T cell proliferation, and IFN-c production was more profound.
In conclusion, we confirmed previous reports that CD14
? HLA-DR -/low MDSC are elevated in the peripheral blood of patients with advanced GI cancer, and this increase was evident whether fresh or cryopreserved PBMC or whole blood was analyzed. We also found that CD15
? cells were increased in the whole blood of cancer patients relative to controls; however, there was no observed difference when these cells were gated for CD33 and CD11b positivity, and both CD33 positive and negative CD15
? populations were capable of suppressing CD8 T cell proliferation, questioning whether CD33 is a reliable discriminatory marker for MDSC.
